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Rangelands in southern Africa continue to be degraded by the thickening of bush at the expense 
of grasses. This is a great concern for rangeland managers, especially because there is still no 
consensus about the main mechanisms that drive shrub encroachment in southern African 
savannas, making it difficult to make recommendations regarding management. Much work 
has been done on the effects of fire, grazing, water and nutrient availability on rangeland 
productivity but the role of climate change, namely changes in CO2 concentrations and rainfall, 
and their potential interaction with manageable factors, such as grazing and fire, is not 
understood.  
This study therefore focuses on investigating the combined role of elevated CO2, drought and 
land use on the balance between shrubs and grasses in southern African savannas. The study 
used a climate gradient in Namibia, which spans from approximately 600 mm average annual 
rainfall in the North to 250 mm in the South to set up experiments at a nested scale of realism 
and detail. I conducted semi-controlled to more controlled experiments in Germany, in the 
greenhouse and climate chambers, respectively. Here, the intention was to investigate how tree-
grass interactions at a seedling stage are mediated by drought and land use, and CO2 as an 
additional independent variable. In Namibia, I performed a field experiment in a common 
garden, where tree-grass interactions were monitored under the following treatments: grazing, 
drought and nutrient addition. Unfortunately, the drought treatment was unsuccessful, so the 
experiment ended up with only grazing and nutrient addition.  
The general finding for this PhD is that the grass species are not less negatively affected by 
drought but appear to be more affected by competition than shrubs. In addition, in the field 
experiment, surrounding herbaceous vegetation facilitated the emergence of one of the shrub’s 
seedlings but did not affect the other species. Elevated CO2 did not ameliorate the negative 
effects of drought on shoot biomass of any of the focal species. Overall, all my experiments 
have one common finding, and that is that drought was the most important factor in determining 
plant performance during the early life stages studied during this PhD.  
I therefore conclude that according to the early life stages and focal species studied here, 
climate change will not be decreasing shrub encroachment but that actually enhanced 
encroachment is possible in response to drought and elevated CO2. This is however not 
necessarily due to a larger positive response of shrubs to CO2 as predicted, but rather to a less 

















Abstract (German version) 
 
Das Weideland im südlichen Afrika verschlechtert sich zunehmend durch die Verdichtung von 
Büschen und Sträuchern auf Kosten von Gräsern. Diese sogenannte Verbuschung ist ein Grund 
zur Besorgnis für Weidelandmanager. Zudem gibt es aktuell noch keinen Konsens darüber, 
welche Mechanismen hauptsächlich für das Vordringen von Sträuchern in die südlichen 
Savannen Afrikas verantwortlich sind. Es ist daher schwierig, fundierten Rat zum Thema 
Weidelandmanagement zu erteilen.  
Zur Auswirkung von Feuer, Beweidung, Wasser und Nährstoffverfügbarkeit auf die 
Produktivität von Weideland wurde bereits viel Forschung betrieben. Die Rolle des 
Klimawandels, d.h. Verschiebungen in der CO2-Konzentration und Niederschlagsmengen, als 
auch deren mögliche Interaktion mit kontrollierbaren Faktoren wie Beweidung und Feuer ist 
bisher nicht geklärt. 
Diese Studie konzentriert sich daher auf die Untersuchung der Wechselwirkung zwischen 
CO2-Anstieg, Dürre und Landnutzung im Hinblick auf das Gleichgewicht von Sträuchern und 
Gräsern in den Savannen des südlichen Afrikas. Die Studie machte sich für den Aufbau der 
Versuche den klimatischen Gradienten in Namibia zu Nutze, der sich von den nördlichen 
Teilen des Landes mit einem durchschnittlichen Jahresniederschlag von ungefähr 600 mm bis 
zu den südlichen Regionen mit einem Jahresdurchschnitt von 250 mm Regen erstreckt. Die 
Versuche konnten so in einer verschachtelten Skala unter natürlichen Bedingungen und 
Einzelheiten stattfinden.  
In Deutschland führte ich halb kontrollierte bis stärker kontrollierte Versuche im Gewächshaus 
bzw. Klimakammern durch. Ziel war es, zu untersuchen wie sich Trockenheit und 
Landnutzung, mit CO2 als einer zusätzlichen unabhängigen Variablen, auf die Interaktion von 
Baum- und Graskeimlingen auswirkt. In Namibia wurde ein Feldexperiment in einem 
sogenannten „Common garden“ (Allmende) durchgeführt. Baum-Gras-Interaktionen wurden 
unter folgenden Behandlungen beobachtet: Beweidung, Trockenheit und Nährstoffzufuhr. Der 
Versuch mit dem Parameter Trockenheit war bedauerlicherweise nicht erfolgreich, weshalb 
der Versuch nur mit den Parametern Beweidung und Nährstoffzufuhr durchgeführt wurde.  
Die grundsätzliche Erkenntnis dieser Promotion ist, dass der Grasbestand von Trockenheit 
nicht weniger beeinträchtigt wird als der Buschbestand, Gräser jedoch stärker unter dem 
Konkurrenzkampf mit Sträuchern leiden. Im Feldexperiment unterstützte die umgebende 
krautige Vegetation zusätzlich das Aufkommen der Keimlinge einer Strauchart, während 
andere Arten nicht beeinflusst wurden. Der CO2-Anstieg wirkte sich nicht erleichternd auf die 
negativen Auswirkungen der Trockenheit auf die oberirdische Biomasse irgendeiner der 
untersuchten Arten aus. Insgesamt führen alle im Laufe dieser Promotionsarbeit 
durchgeführten Versuche zu einer gemeinsamen Erkenntnis: In den frühen 
Entwicklungsphasen hatte Trockenheit den stärksten Einfluss auf die Leistung der Pflanzen.  
Ich komme daher zu der Schlussfolgerung, dass für die hier untersuchten Arten in der frühen 
Entwicklungsphase der Klimawandel nicht zu einer Verringerung der Verbuschung führen 
wird, sondern dass sogar eine zunehmende Verbuschung als Reaktion auf Trockenheit und 
CO2-Anstieg denkbar ist. Dies ist jedoch, entgegen der ursprünglichen Prognose, nicht 
unbedingt darauf zurückzuführen, dass Sträucher positiv auf eine höhere CO2-Konzentration 
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Savannas cover approximately 20 % of the earth surface and are the most prevalent ecosystems 
in Southern Africa (Scholes and Archer, 1997). These ecosystems, which are characteristically 
composed of a unique mixture of coexisting trees, shrubs and grasses (Scholes and Archer, 
1997), also support millions of African people, especially those living in rural areas 
(Kgosikoma and Mogotsi, 2013). Therefore, any form of degradation to these ecosystems has 
direct implications on the means of subsistence of the majority of people in those areas. 
Furthermore, rangeland degradation in African savannas has the potential to have especially 
devastating consequences because Africa in general is said to have a low capacity to adapt to 
environmental changes (IPCC, 2007). It is hence important to identify and manage both 
anthropogenic and natural causes of degradation in savanna ecosystems. 
 
Probably the most common type of degradation in savannas is shrub/ bush encroachment, i.e. 
the expansion of shrubs at the expense of grasses. This spread of woody plant species into areas 
previously dominated by grasses (bush encroachment) is a serious concern for rangeland 
managers in southern African savannas (Archer et al., 1995a; Gil-Romera et al., 2010; 
Kgosikoma and Mogotsi, 2013; Puttock et al., 2014; Roques et al., 2001). Bush encroachment 
is associated with a degradation of rangelands, due to the reduction in the cover of (palatable) 
grasses, and is therefore highly undesirable in regions where most people depend directly on 
animal husbandry (Kgosikoma and Mogotsi, 2013). In African savanna ecosystems, this form 
of land degradation has led to losses of rangelands, arable land (Gil-Romera et al., 2010; 
Kgosikoma and Mogotsi, 2013) and hunting ground for rare animals like the Cheetah (De 
Klerk, 2004). Despite decades of research (De Klerk, 2004; Gil-Romera et al., 2010; Higgins 
et al., 2000; Hudak, 1999; Roques et al., 2001; Sala and Maestre, 2014; Scholes and Archer, 
1997; D. Ward, 2005), neither the mechanisms by which shrubs take over at the expense of 
grasses nor ways of combatting bush encroachment are fully understood (Ault et al., 2014; 






Drivers/ determinants of tree-grass interactions 
 
There are many theories regarding the mechanisms that sustain/ are responsible for tree-grass 
coexistence in savanna ecosystems (De Klerk, 2004; Higgins et al., 2000; Hudak, 1999; Roques 
et al., 2001; Sala and Maestre, 2014; Scholes and Archer, 1997; Walter, 1971; D. Ward, 2005). 
An often-cited and perhaps the oldest hypothesis related to water that may explain the tree-
grass coexistence in savannas is the two-layer hypothesis, originally coined by H. Walter 
(Walter, 1971). This hypothesis states that trees and grasses co-exist because they use water at 
different soil depths, with grasses utilizing shallow water and trees monopolizing water at 
greater depths in the soil (Sala et al., 1989; Walter, 1971). Therefore, changes in soil water 
conditions/ distribution is likely to affect the balance between shrubs and grasses in savanna 
ecosystems. Though this hypothesis has been much debated (Breshears and Barnes, 1999; 
Holdo, 2013; Le Roux et al., 1995; Nippert and Holdo, 2015; Rossatto et al., 2014; Sala et al., 
1989; Sankaran et al., 2004; Scholes and Archer, 1997; Ward et al., 2013; Weltzin and 
McPherson, 1997), the mechanisms that govern competitive interactions among shrubs and 
grasses are most likely to determine whether shrub encroachment is favoured or not. However, 
while it seems to have much appeal, the two-layer hypothesis is limited to life stages where 
niche partitioning actually applies, i.e. when plants are fully grown. Thus, it does not apply to 
a seedling stage, where the two life forms use essentially the same sources of water and are 
more likely to compete (Scholes and Archer, 1997). 
 
In addition, changes in fire regimes and/ or grazing intensity, are believed to be two of the 
major causes of bush encroachment (Archer et al., 1995; Bond et al., 2003; Sankaran et al., 
2005; Scholes, 2003; Skarpe, 1992). For example, overgrazing, mostly by domestic livestock 
reduces fuel load, making fires too weak (less intense) to control the spread of wood 
(Kgosikoma and Mogotsi, 2013; Roques et al., 2001). Soil nutrients is another factor identified 
as a determinant/ driver of tree-grass dynamics, mostly because nutrients are generally 
concentrated in the top layers of the soil and grasses are reportedly better competitors for 
resources, such as water and nutrients, when the two life forms utilize the same resources 
(Higgins et al., 2000; Manea and Leishman, 2015; Scholes and Archer, 1997). In addition, most 
trees/ shrubs, especially leguminous ones may not require an external nutrient source, 
particularly in the early stages of development (Ernst, 1988; Kraaij and Ward, 2006) and 
therefore only grasses will be affected by soil nutrients at those stages. It has also been 
suggested that the removal of mega-browsers, such as rhinos and elephants from rangelands, 
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further contributed to woody species having a competitive advantage over grasses (De Klerk, 
2004; Hudak, 1999; Scholes and Archer, 1997). 
 
Possible effect of climate change on tree-grass interactions 
 
Climate change will affect many plant and animal species with possibly detrimental impacts. 
However, a modified climate will not only have direct effects but may also affect the way in 
which organisms interact (Klanderud, 2005; Montoya and Raffaelli, 2010). These indirect 
effects might even be stronger than direct effects imposed by e.g. higher temperatures or 
decreased rainfall (Rysavy et al., 2014; Tomiolo et al., 2015). The interaction between grasses 
and woody plants in savannas is an essential one because it is of great importance to human 
livelihood. Here, a change in the balance between these life forms can lead to shrub 
encroachment and subsequent loss of suitability as rangeland. Climate change increases the 
uncertainty related to predicting the balance between trees and grasses in savannas.  
 
For large parts of Southern Africa, global scenarios predict increasing frequencies of drought 
events and overall decreasing precipitation (IPCC, 2007), i.e. the water-limited savanna 
ecosystem will become even drier. In addition, atmospheric carbon dioxide concentrations are 
expected to increase due to greenhouse gas emissions (IPCC, 2007, 2014). In African savanna 
ecosystems, trees and grasses are mainly characterized by two different photosynthetic 
pathways, which are expected to respond differently to these changes. The C4 photosynthetic 
pathway of most grasses, is efficient in fixing carbon at low atmospheric CO2 concentrations, 
as well as reducing water loss through transpiration, making them more energy and water 
efficient than woody plants (Bond, 2008; Gowik and Westhoff, 2011). C3 plants perform below 
optimum at low atmospheric CO2 concentrations, and therefore, it is predicted that elevated 
CO2 levels may favour C3 over C4 plants (Bond and Midgley, 2012; Kgope et al., 2009; H 
Wayne Polley et al., 1997). Therefore, more frequent and prolonged droughts have been 
predicted to favour the “more water efficient” C4 grasses over C3 trees and shrubs (Bond, 2008; 
Gowik and Westhoff, 2011), i.e. droughts may initiate a process that counteracts bush 
encroachment. On the other hand, since C3 plants will be fixing more carbon under elevated 
CO2 levels, with decreased energy loses through photorespiration, they are expected to grow 
faster and take less time to recover after damage (Bond and Midgley, 2000b; H Wayne Polley 
et al., 1997). It is therefore regrettable that there are no empirical studies comparing the 
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performance of the two life-forms under predicted climate regimes in savannas, especially with 
regard to both drought and elevated CO2 concentrations. 
 
Importance of studying early life-stages of plants 
 
There have been several studies aimed at determining the combined effects of some of these 
factors, for example: rainfall, fire (Devine et al., 2015; Higgins et al., 2000; Zimmermann et 
al., 2008) and herbivory (Kraaij and Ward, 2006; Roques et al., 2001); grazing and biotic 
interactions (Macias et al., 2014); fire and CO2 (Bond et al., 2003; Shanahan et al., 2016); as 
well as land use, climate and CO2 (Archer et al., 1995b; Manea and Leishman, 2015). The 
downside of most of these studies is that (1) there is no empirical evidence to support the 
theory, (2) they only focused on one of the two life-forms (grasses or shrubs), and/ or (3) they 
are not looking at the seedling stage of the plants life-cycle. 
 
Early life stages are most likely key to understanding the balance between grasses and shrubs, 
because this is the stage where direct competition, and thus a shift in the balance between life 
forms, is more likely to occur among plants that utilize essentially the same resources (Scholes 
and Archer, 1997). However, almost all previous studies on tree-grass interactions focused on 
adult plants, i.e. on stages in the development of savannas where partitioning of root space may 
reduce competitive exclusion between the two life-forms. Namely, according to the resource 
partitioning hypothesis (Walter, 1971), grasses mostly root in shallow soil layers whereas 
shrubs and trees have deep taproots (Bond, 2008; Gowik and Westhoff, 2011). Therefore, when 
looking at the role of water availability on tree-grass interactions, it is important to capture 
processes at the very early life stages of grasses and trees, e.g. at a seedling stage. As it is at 
this stage where both life forms are expected to compete for resources most strongly (Baudena 
et al., 2010; Scholes and Archer, 1997) and where drought effects on tree-grass interactions 
should be most prominent. 
 
There early life stages such as germination (time to germination and germination rate), and 
seedling survival and establishment are therefore important bottlenecks for determining 
population dynamics at later stages (Giménez-Benavides et al., 2007; Miller, 1987; Quintana 
et al., 2004; Sankaran et al., 2004), and thus particularly relevant for studying the process of 
tree-grass interactions. It is therefore surprising that we know very little about this key stage in 
the establishment of plants in the context of shrub encroachment. 
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Thesis objectives and outline 
 
In an attempt to fill some of the research gaps identified above, we decided to conduct 
experiments in the field, as well as in the greenhouse and climate chambers. This combination 
of experiments was chosen because the field experiment offers a realistic view of what is 
naturally occurring, but with little control over conditions. On the other hand, both greenhouse 
and climate chamber experiments provide the opportunity to control conditions, but at the cost 
of realism, especially in the climate chambers. A total of seven main hypotheses were tested 
using the three experimental approaches, with some hypotheses being tested in more than one 
experiment (Table. 1). 
 
Table. 1. The main hypotheses addressed by the study and the methods/ experiments used to test them. 
The tick marks indicate the method used to test the hypothesis. 
 
Hypothesis Greenhouse Climate 
chambers 
Field 
1. Drought will lead to a stronger decrease in performance 
of trees compared to grass seedlings 
  
Unsuccessful 
2. Elevated CO2 will enhance the performance of trees 




3. CO2 enrichment will mitigate the adverse effects of 




4. Tree seedlings will suffer more from the presence of the 
grasses than vice-versa, especially under drought stress 
   
5. Plants locally adapted to drier and more variable 
climates will be less sensitive to drought than plants 
originating from more humid sites 
   




7. Seedling survival will be higher for the grasses than the 





This thesis addresses these hypotheses in three chapters, broadly representing the three 
methods used to gather data, as stipulated above. Chapter 2, which is based on a greenhouse 
experiment (University of Tübingen), focuses on effects of heterospecific interactions, 
change in precipitation, and origin of plants on the balance between trees and grasses at 
the very early life stages. Since it was imperative to be able to accurately determine the 
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amount of CO2 the plants were exposed to, we used top of the art climate chambers at the 
University of Hohenheim, where internal conditions could be controlled. Therefore, my third 
chapter (Chapter 3), looks at the combined effect of elevated CO2 and drought on the 
establishment of two encroaching tree species and two grasses. Chapter 4 is based on data 
from a common garden experiment in the field (Namibia), that investigated the effects of 
simulated grazing and nutrient addition on seedling emergence and survival of two 
encroaching trees and two perennial grasses in a semi-arid savanna of Namibia. The final 
chapter summarises all the key findings of this thesis and highlights their possible implications 
in terms of bush encroachment, as well as possible management interventions.  
Study species  
Our focal species included two shrub/ tree species, namely Dichrostachys cinerea (L.) Wight 
& Arn. and Senegalia mellifera (Vahl) Seigler & Ebinger (Vahl) subsp. detinens (Burch) Kyal. 
& Boatwr. (previously known as Acacia mellifera). Senegalia mellifera (Fig. 1D) has a wide 
distribution throughout Namibia, while Dichrostachys cinerea (Fig. 1C) is commonly found in 
the central and northern part, i.e. the wetter parts, of the country (P. Le Roux and Müller, 2009). 
In the following, I refer to the woody species as shrubs. Both species are indicators of 
disturbance, either by grazing or poor agricultural practices, often forming dense thickets, 
which lowers the carrying capacity of rangelands (P. Le Roux and Müller, 2009). Hence the 
two species have been the focus of many bush encroachment studies (Bond and Midgley, 2012; 
Buitenwerf et al., 2011; Gil-Romera et al., 2010; Joubert et al., 2008; Kgosikoma and Mogotsi, 
2013; Moleele et al., 2002; Kgosikoma, 2012; Ringrose et al., 2003; Rohde and Hoffman, 2012; 
Wiegand et al., 2006). 
Two perennial grasses (Anthephora pubescens Nees and Stipagrostis uniplumis var. uniplumis 
(Licht. ex Roem. & Schul.) De Winter) that coexist with the above shrub species, were also 
used in the study. Anthephora (Fig. 1A) is a climax grass, which is considered one of the most 
palatable and valuable grasses in Namibia (Müller, 2007). The dominance of this grass in an 
area is an indication of a good rangeland, as this is usually one of the first grasses to disappear 
from disturbed, e.g. overgrazed, areas (Müller, 2007). Stipagrostis uniplumis var. uniplumis 
(Fig. 1B) is more widespread and can also be found in disturbed areas (Müller, 2007). It is a 
subclimax grass with palatability varying on different soils as well as seasons (Müller, 2007). 
Due to its wide distribution range, this grass offers good grazing in dry areas (Heath and Heath, 
2010; Müller, 2007).  
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Fig. 1. Focal species for the study: Anthephora pubescens (A), Stipagrostis uniplumis (B), 
Dichrostachys cinerea (C) and Senegalia mellifera (D).  
 
Study sites / seed origins  
Bush encroached savanna ecosystems along a rainfall gradient in Namibia were used as sources 
of seeds for my study (Fig. 2). This provided the opportunity to indirectly mimic climate change 
in space, with respect to decreasing rainfall. The rainfall gradient represented most of the 
distribution range of the species and thus covered the maximum difference among sites 
possible. The differences in precipitation are more than two-fold between the most extreme 
sites, and local adaptation of plants to their areas of origin is likely. The selected study sites 
were: (i) Lake Otjikoto area in the north, with an average annual rainfall of about 550 mm; (ii) 
Waterberg and surrounding areas (average annual rainfall of about 450 mm); and Kuzikus and 
surrounding areas, receiving about 250 mm of rain per year (Fig. 2). In the following, I refer 
to these sites as Sub-humid (Lake Otjikoto area), Semi-arid (Waterberg and surrounding area) 




Fig. 2. Location of the study sites in Namibia including average annual rainfall isohyets. The map was 

















Early life-stages of two bush encroaching C3 species and two C4 grasses 





In order to understand the mechanisms of shrub encroachment, we need to have knowledge 
about the interactions between the woody plants and grasses. There are a number of factors 
that have been put forward as determinants of shrub-grass interactions in savannas, such as 
herbivory, fire and competition for resources. Also, species inhabiting regions with high natural 
climatic variability are generally expected to be less vulnerable to climate change, because they 
are pre-adapted to a large range of climatic conditions. In this study, I looked at how the 
combination of simulated grazing (i.e. competitive release), change in precipitation, and origin 
of plants affect the balance between shrubs and grasses at the very early life stages. A 
greenhouse experiment was established for investigating germination and seedling biomass of 
the focal species under the following treatments: seed origin (three sites), competition (no 
neighbours vs. one heterospecific neighbour), and water (three levels). I expected that (i) 
grasses will be less affected by drought than shrubs, (ii) plants that stem from drier areas will 
cope better with drought, (iii) shrub seedling biomass will be suppressed by grasses, and (iv) 
this suppression will be less severe under dry conditions. The results show no evidence that 
grass germination and biomass was less affected by drought than trees, and the grasses seemed 
to suffer more from shrub competition. In addition, plants originating from drier areas did not 
reveal any adaptation to drought. The results of this study were therefore generally contrary to 
the hypotheses, which makes predicting the direction of bush encroachment under future 




Key to understanding the mechanisms of shrub encroachment is knowledge about the 
interactions between the woody plants and grasses. Namely, encroachment of shrubs happens 
at the expense of grasses, i.e. a change in competitive interactions among these two life forms. 
As stated in the general introduction, these shrub-grass interactions have been reported to be 
affected by determinants such as rainfall and herbivory (Higgins et al., 2000; Hudak, 1999; 
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Kgosikoma and Mogotsi, 2013; Roques et al., 2001; Scholes and Archer, 1997) because both 
life forms differ in their response to these two factors. For example, overgrazing by domestic 
livestock has been put forward as an important factor promoting shrub encroachment because 
these animals mostly feed on grasses (Ward 2005) and thus grazing could lead to competitive 
release in the coexisting woody plants. This process may be further aggravated by the 
simultaneous removal of mega-browsers from rangelands which mainly feed on shrubs and 
trees, i.e. both the increase in grazers that feed on grasses and the decrease in browsers provide 
woody species with an advantage over grasses (Hudak, 1999; Scholes and Archer, 1997). 
Shrub-grass interactions may further be modified by climatic conditions, especially rainfall, 
because these two life forms differ in their water use efficiency. Namely, grasses are, as C4 
plants, more water efficient and could thus have an advantage over trees when there is a 
reduction in precipitation, which is the prediction for large areas in South African savannas 
(Bond, 2008; Gowik and Westhoff, 2011; IPCC, 2007). Therefore, bush encroachment is 
expected to be more rapid in wetter regions where trees are less water limited and are thus able 
to compete with grasses (Roques et al., 2001). In addition, according to the Stress Gradient 
Hypothesis (SGH), it is expected that plants originating from wetter and thus less stressful 
areas will be less affected by competition than those from arid environments (Bertness and 
Callaway, 1994). Unfortunately, while hypotheses about climate change effects on shrub-grass 
interactions are abundant, experimental data supporting them are rare. Especially a 
combination of climate manipulation and experimental change in competitive interactions is 
missing, thus depriving us of the ability to understand how shrub-grass interactions are 
modified by climate change. 
 
One of the few existing experimental studies focusing on interactions among shrubs and 
herbaceous plants in drylands suggests that interactions between climate and simulated grazing 
could be important (Rysavy et al., 2014). Here, drought and competition effects on shrub 
seedling dynamics were studied along a rainfall gradient from a mesic Mediterranean to a semi-
arid region in Israel. Against the initial hypothesis, annual neighbours had a stronger negative 
effect on shrub seedling survival under drought. This study further indicated that rainfall at the 
site of the experiment also affected the findings in that seedlings originating from the dry end 
of the rainfall gradient exhibited much higher survival. This indicates that studies conducted at 
single sites may not be sufficiently general to understand the phenomenon of shrub 
encroachment and that ecotypic variation in drought resistance should be taken into account.  
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There are a few observational studies on changes in woody vegetation densities along climatic 
gradients (Ringrose et al., 2003; Rohde and Hoffman, 2012; Wiegand et al., 2005), but they 
focused on whole communities with differing species composition among sites. Thus, species 
identity was confounded with life form, and climate-vegetation relationships were studied only 
in a correlative manner. Furthermore, even when the same species occurs at several sites along 
a gradient, local adaptation is likely (Jump and Peñuelas, 2005; McKay et al., 2001; Petrů et 
al., 2006; Volis, 2007) and such within-species variation in savanna ecosystems remains 
unexplored. This is regrettable because local adaptation is likely to interact with the ability of 
plants to cope with climate change. Namely, the adaptive capacity of species depends on 
whether or not they are narrowly adapted to the current climate (M. Davis and Shaw, 2001; 
Hoffmann and Sgrò, 2011).  
 
Furthermore, it has been suggested that species inhabiting regions with high natural climatic 
variability would be less vulnerable to climate change, because they are pre-adapted to a large 
range of climatic conditions (Leger and Rice, 2007; Rysavy et al., 2014; Tielbörger et al., 2014; 
Volis et al., 2002). Unfortunately, there is virtually no systematic study in savannas that has 
covered similar species across several climatic regions to investigate whether or not the climate 
at the origin of the plant would determine its vulnerability to climate change and its interactions 
with other plant species. Such information is important because it could affect the setting of 
priority areas for conservation measures. 
 
In this study, I aim at filling some of the above research gaps. Namely, I look at how the 
combination of simulated grazing (i.e. competitive release), change in precipitation, and origin 
of plants affect the balance between shrubs and grasses at the very early life stages. To study 
these questions, we selected an ideal study system in Namibia. The system includes a set of 
bush encroached savannas along a rainfall gradient, which are inhabited by similar shrub and 
grass species.  
 
The following hypotheses were tested: 
1. Shrubs will be more negatively affected by drought than grasses  
2. Plants originating from drier sites will be better in tolerating drought, but 
weaker competitors 
3. Grasses will be less affected by competition than shrubs  
4. Competition will be less severe under drought conditions 
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Materials and methods 
Seed collection and preparation 
Grass seeds used for the study were collected at the three study sites between April and July 
2015, and shrub seeds in November and early December of the same year. Unfortunately, this 
study was conducted during a drought period in Namibia (UNICEF, 2017), and therefore I 
could not obtain seeds of A. pubescens and S. mellifera at the sub-humid area that year. In 
addition, I depended on collecting seeds of the target species whenever we found them, i.e. 
sampling of plant individuals was not entirely at random. Grass seeds were collected by cutting 
as much of the inflorescence of the plant as possible (± 60%) and putting inflorescences of 
each individual plant in a separate bag. For the tree species, ripe pods were mostly collected 
from the trees and in a few cases picked from the ground under the individual trees. When it 
was not clear to which plant the seeds belonged, or very few (< 100) seeds were collected from 
one plant, seeds of neighbouring individuals were pooled and labelled as a bulk collection.  
The reason for collecting seeds from individuals separately was to infer local adaptation among 
individuals from the same site. Unfortunately, due to low seed numbers per individual, it was 
mostly not possible to have one individual cover an entire replicate across all treatments. Thus, 
in the end all the seeds were treated as bulk collections and no individual response to treatments 
were considered in the analyses. 
In Germany, the seeds were first stratified at 30 °C during the day and 20 °C, and 13-hour day 
length for about a month. This was done because a pilot study showed that this was necessary 
to break winter dormancy for some of the plants (Bruder, 2015). The conditions used for seed 
stratification were per the average day and night temperatures and day length for Windhoek 
during October 2015, which were the latest available data at the time. Since the seeds had 
already gone through Namibian winter before being shipped to Germany in September 
(grasses) and December (shrubs) 2015, there was no need for cold stratification.  
 
Experimental design  
 
The following treatments were applied: seed origin (three sites), species (four species), 
competition (no neighbours vs. one heterospecific neighbour), and water (three levels). All 
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treatment combinations were replicated 20 times, apart for cases where lack of seeds limited 
sample sizes (Table 1).  
 
The neighbour treatment was applied as follows: seeds of each species from each origin were 
either sown in a monoculture (single species per pot, thus no interaction, Fig. 1A) or in mixed 
culture (one shrub and one grass pair per pot, Fig. 1B). Due to a limited number of seeds, not 
all the neighbour combinations were possible (Table 1).  
 
 
Fig. 1. An example of the neighbour treatment; S. mellifera growing alone (A), and A. pubescens and 
D. cinerea growing in the same pot (B). 
 
 
Table. 1. Number of replicates per treatment for each species combination and three study 
sites. 
Species  Arid Semi-arid Sub-humid 
A. pubescens 20 20 0 
S. uniplumis 3 20 20 
D. cinerea 20 20 20 
S. mellifera 20 8 0 
A. pubescens & D. cinerea 20 20 0 
A. pubescens & S. mellifera 20 0 0 
S. uniplumis & D. cinerea 0 20 20 
S. uniplumis & S. mellifera 4 8 0 
 
Pots were arranged into 30 blocks, each representing a separate watering level to facilitate 
application of irrigation (Fig. 2). Thus, there were 10 blocks per watering level. The blocks 
were divided between two adjacent greenhouses and were randomized halfway through the 
experiment. The blocks also ensured that all the treatments were equally represented in the two 
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greenhouses. In each block, the different species combinations were randomly assigned to pots, 
with each of the other treatments being replicated twice within a block.  
 
 




The seeds were sown in rose pots (11.35 cm x 11.35 cm x 20 cm (height)), to provide 
belowground depth for root growth. Twenty seeds per pot for each grass species and 10 seeds 
for the trees were sown. Seeds were sown in a one-to-one mixture of sand and “Pikiererde” 
soil, to allow water infiltration, while reducing the rate at which the soil will dry (especially in 
the high-water treatment). Seeds were sown into each pot by scattering them around the pot, 
and then covering them with a thin layer of soil. This was done because S. mellifera (Kraaij 




The watering levels were determined after a pilot study and set at 500 ml of water for the high-
water treatment, while the two lower water treatments both received 250 ml, the medium 
treatment after 5 days and the low water treatment after every 10 days. The initial watering 
levels were higher, to initiate germination. After that initial watering, the watering levels were 
adjusted several times throughout the study, to ensure that the high-water treatment pots always 
remained saturated while the other two could dry, with the low water treatment drying up the 
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most. To that end, the high-water treatment always received enough water to ensure that water 
percolated out of the holes at the bottom. Due to the soil not drying as expected, the watering 
amounts for the two drier treatments were reduced to 200 ml and then 100 ml. 
 
Monitoring efficiency of treatments 
 
A TRIME-FM portable moisture measurement device was used to measure soil moisture from 
one pot selected randomly in each block, 17 times during the experiment, mostly before and 
after watering events.  
 
Dependent variables 
Germination was recorded for 20 days, and the time to germination noted. Germination 
fractions were calculated as the fraction between seedlings germinating and the number of 
seeds sown. After 20 days, the seedlings were thinned to one randomly selected plant in no-
neighbour treatments and two plants in neighbour treatments, respectively. After four weeks, 
the remaining seedlings were harvested; their shoots dried to a constant mass at 70o C for 48 




All the data were analysed with SPSS Statistics for Windows (IBM, Version 24.0., 2016). The 
different watering levels were compared using soil moisture data, with a One-way ANOVA 
and Tukey HSD post hoc test. Due to the highly unbalanced design with respect to origin, 
biomass data were analysed separately for each species. 
 
A Normal distribution, Generalized Linear Mixed Model (GLMM), with an identity link 
function was used to compare the time taken by the different ecotypes of each species to 
germinate under the three watering levels. The “days to germination” data for each species 
were log-transformed and analysed, with seed origin and water as fixed factors.  To compare 
germination fraction of the focal species under the different treatments, I used a GLMM, with 
a Binomial distribution and Logit link function. The fixed factors for each species model were 
the same as in the “days to germination” models. 
To test for the different treatment effects and their interactions on species biomass, I used a 
Normal distribution, GLMM and an identity link function. The fixed factors for the models 
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were a full factorial combination of origin, water and neighbour. Since there was no neighbour 
combination that was represented across all ecotypes (Table 1), I was unable to test the 
hypothesis that “plants originating from drier sites are weaker competitors”. The removal of 
this term (origin x neighbour) from the different species models did not change any of them 
(AICs remained constant). S. uniplumis and D. cinerea data were log-transformed before 
analysis.  
 
For all the GLMMs, watering level was nested into block as a random factor, and the Least 






All three watering levels differed significantly in terms of percentage soil moisture (F= 223.54, 
df= 2, p< 0.001), with the high watering level having the highest and the low the lowest soil 




Fig. 3. Percentage soil moisture (mean ±SE) measurements from pots that received the three (low, 
medium, high) watering levels, respectively. Different letters indicate significant differences (Tukey 
































(i) Effects of drought on shrubs vs grasses 
 
Time to germination was generally shortest under higher watering levels, for all species (Table 
2, Fig. 4A). There was a general trend of higher germination with increasing water, which was 
more obvious for Anthephora and Dichrostachys, although all three watering levels only 
differed for the latter species (Table 2, Fig. 4B). Seedling biomass also exhibited a trend of 
increase with increasing water (Table 2, Fig. 4C). Again, the effect was more pronounced for 
A. pubescens, although S. mellifera also showed a similar trend (Table 2, Fig. 4C). 
 
Table. 2. Results for the effect of drought on the time (days) to germination (GLMMs with Normal 
distribution and identity link function), germination rate (GLMMs with Binomial distribution and Logit 
link function) and shoot biomass (GLMMs with Normal distribution and identity link function), for 
each of the focal species. Significant results (p< 0.05) are indicated in bold. 
 
Drought A. pubescens S. uniplumis D. cinerea S. mellifera 
effects F df 
1 
P F df 
1 
P F df 
1 
P F df 
1 
P 
Time to germ.  7.94 2 0.001 4.67 2 0.014 3.89 2 0.028 3.73 2 0.29 
Germ. rate 6.25 2 0.003 0.004 2 0.996 8.059 2 <0.001 2.99 2 0.056 
Biomass 9.05 2 <0.001 1.31 2 0.276 0.76 2 0.471 10.1 2 <0.001 
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Fig. 4. Mean (±SE) time to germination (A), germination fraction (B), and shoot biomass (C), of the 





(ii) Origin effects on drought tolerance 
 
The germination fraction of S. uniplumis under the low water level was significantly higher for 
the two wetter ecotypes, though under the medium watering level the sub-humid ecotypes had 
significantly lower germination rate than the semi-arid ones (Table 3, Fig. 5). There was no 
significant water and origin effect on seedling biomass of all the species. However, there was 
a tendency suggesting a possible origin effect on drought tolerance for S. mellifera, as the 































































































levels, but for the semi-arid ecotypes the two lower watering levels did not differ significantly 
in their biomass (Table 3, Fig. 6).    
 
Table. 3. Results of GLMMs with a Normal distribution and identity link function, testing the effect of 
seed origin on drought tolerance of the focal species, with seedling biomass as a response variable. 






Fig. 5. Mean (+/- SE) germination fraction for the different ecotypes (seed origin) of the focal species 
(grasses on top and shrubs at the bottom) in response to three different watering levels. Different letters 





















































































P F df 
1 
P F df 
1 
P F df 
1 
P 
Time to germ.  1.78 2 0.171 0.38 3 0.770 1.82 4 0.143 0.34 2 0.716 
Germ. rate 1.34 2 0.267 3.546 4 0.009 1.63 4 0.169 0.09 2 0.915 














Fig. 6. Mean (+/- SE) biomass for the different ecotypes (seed origin) of the focal species (grasses on 
top and shrubs at the bottom) in response to three different watering levels. Different letters represent 
significant differences and are unique to each species graph.  
 
 
(iii) Life-form and drought effects on competition  
 
Both grasses were affected by S. mellifera competition, but the effect was only significant for 
A. pubescens under the two higher water levels (Table 4, Fig. 7). Although the test showed a 
significant effect of neighbour on S. mellifera (Table 4), this was due to the two grasses 
differing in their effects on the shrub (A. pubescens displaying slight overall competition and 
S. uniplumis slight facilitation), and not a difference between the control and the neighbour 
treatments (Fig. 7, Appendix 1). There was no significant interaction between neighbour and 
water for any of the species (Table 4, Fig. 7). 
 
Table. 4. Results of GLMMs with a Normal distribution and identity link function, testing the effect of 
water (H2O), seed origin (Orig.) and neighbour (Neigh.) on the focal species’ seedling biomass. 





























































 A. pubescens S. uniplumis D. cinerea S. mellifera 
Effects F df 
1 
P F df 
1 
P F df 
1 
P F df 
1 
P 
Orig.  3.55 1 0.061 3.34 1 0.071 0.36 2 0.697 3.38 1 0.068 
Neigh. 7.86 2 < 
0.001 
3.59 2 0.031 1.44 2 0.243 4.36 2 0.014 
H2O 9.05 2 < 
0.001 




Orig. x H2O   1.84 2 0.162 0.48 2 0.619 0.22 4 0.925 2.36 2 0.097 
Neigh. x H2O 0.57 4 0.688 0.23 4 0.919 1.68 4 0.161 1.58 4 0.183 
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Fig. 7. Shoot biomass (mean ± SE) for the focal species, in response to three watering levels and 
heterospecific neighbours. The grasses are in the top row (with either D. cinerea or S. mellifera as a 
neighbour) and the shrubs in the bottom row (showing the effect of A. pubescens and S. uniplumis as 







Water availability and competition appeared to be the two most important factors in 
determining early establishment success in the focal species. These responses were also species 
specific, but not all responses were in the predicted direction. In the following, I discuss the 
findings with respect to the initial hypotheses.  
 
(i) Shrubs will be more negatively affected by drought than grasses  
 
The two early germinating species, namely A. pubescens and S. mellifera, had the highest 
germination fraction, highest biomass, and were also the strongest competitors (especially S. 
mellifera). This can be explained by the so-called priority effect, which states that species that 
germinate first may affect the establishment of later germinating species (Gioria and Osborne, 
2014; Turkington et al., 2005; Von Gillhaussen et al., 2014; Wainwright et al., 2012) and 
therefore determine population dynamics at later stages (Giménez-Benavides et al., 2007; 




















































































Although there was a general trend of higher germination with increasing water, only A. 
pubescens and D. cinerea had significantly lower germination with lowering water levels. This 
is not surprising because field observations during seed collection and their distribution ranges 
(P. Le Roux and Müller, 2009; Müller, 2007), clearly indicate that the two species commonly 
occur in the more wetter parts of the study area (rainfall gradient) and do not extent as far south 
as the other two. Suggesting that they might be more sensitive to low water conditions than the 
other two. Contrary to our expectations however, lower water conditions did not have a more 
negative effect on shrubs than grasses. In fact, the two species negatively affected by low water 
conditions in terms of biomass, were A. pubescens and S. mellifera, (a grass and a shrub). This 
goes against studies that argue that C4 plants are more drought tolerant than C3 plants (Hamim, 
2005; Osborne and Sack, 2012; J. K. Ward et al., 1999).  
 
On the other hand, it has also been suggested before that the drought tolerance of C4 plants is 
not ubiquitous (Ibrahim, Gilbert, Ripley, & Osborne, 2008; Ripley, Frole, & Gilbert, 2010; 
Ripley, Gilbert, Ibrahim, & Osborne, 2007; Taylor, Ripley, Woodward, & Osborne, 2011). 
According to Ripley et. al. (2010), while C3 plants response to drought is largely stomatal, C4 
plants may be limited in their assimilation of CO2 under drought conditions, rendering them 
less efficient in their water usage. The difference in the performance between the two grasses, 
could be attributed to the fact that there was generally very low germination for the unaffected 
species (S. uniplumis), leading to fewer replicates, especially for the low water treatment.  
Thus, though there might have been a trend towards decreasing biomass with less water, as can 
been seen for the arid ecotype of A. pubescens, the power of the tests was probably not large 
enough. 
 
Alternatively, since the species that had reduced biomass under low water were the two with 
the highest biomass, the drought effect on species finding might simply be a case of the fast-
growing species depleting the limited water in the pots faster than the smaller ones. This could 
imply that recruitment during years with long breaks between rainfall events will be low for 
these fast-growing species, due to high seedling mortality. In which case, early germination 
and fast growth might not be an advantage (Wainwright et al., 2012). However, the priority 
effect may actually prevail for Anthephora during high rainfall years, leading to the possible 




(ii) Plants originating from drier sites will be better in tolerating drought 
 
There was generally no ecotypic response to varying water availability. This is a notable 
contrast to previous studies which found plants from drier sites to tolerate drought better 
(Johnson et al., 2015; Leger and Rice, 2007; Petrů et al., 2006; Rysavy et al., 2014; Tielbörger 
et al., 2014; Volis et al., 2002). This uniform response to varying water availability by seedlings 
from the different sites along the rainfall gradient may suggest that drought, as a consequence 
of climate change will affect my study species similarly, irrespective of the level of aridity in 
their current environments. Although this will depend on which part of the gradient will 
experience the greatest effect of climate change, i.e. the area most affected by climate change 
will experience the greatest reduction in seedling biomass.  
 
Although our study area covered a fairly extensive range within Namibia, which as a country 
has a mean annual rainfall range from less than 50 mm in the west to more than 600 mm in the 
north-east (Mendelsohn, 2002), it does not cover the entire climatic range across which 
savannas occur. Savannas in Africa alone are expected to fall within the limit of less than 250 
mm to about 1600 mm (Lehmann et al., 2011), meaning Namibia as a whole is rather at the dry 
end. Furthermore, our study area may have entirely fallen within the semi-arid region of the 
savanna biome, which have been reported to range between 250- 500 mm mean annual rainfall 
(Hill, 2002; Maliva and Missimer, 2012). Therefore, since our rainfall range is not that 
extensive when we consider the entire savanna range, our focal species may have developed 
plastic mechanisms that allow them to occur under the different water conditions within the 
entire rainfall range within which they occur. Hence the lack of water-origin interaction, even 
though all three watering levels were different in terms on soil moisture.  
 
On the other hand, this apparent lack of local adaptation has been recorded before in other 
systems (Dorman et al., 2009; Tomiolo et al., 2015) and could be attributed to there being other 
factors that are different among the study sites, such as soil water holding capacity or microbial 
communities (Tomiolo et al., 2015). The different ecotypes may therefore have reacted 
similarly due to the absence of those other factors not included in this study, since they were 
grown in the same substrate.  This suggests that there might be a different outcome in nature 
when the ecotypes are grown in their native environments. 
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(iii) Grasses will be less affected by competition than shrubs and competition will be 
less severe under drought conditions 
  
Contrary to our expectations, grasses did not suffer less from competition; in fact, both grasses 
suffered from S. mellifera competition. This is surprising because previous studies have found 
grasses to be better competitors when the two life forms use the same resources (Higgins et al., 
2000; Manea and Leishman, 2015; Scholes and Archer, 1997), as is the case in the early life 
stages studied here. It also seems to contradict the idea that overgrazing by cattle may be a 
main reason for shrub encroachment, i.e. the removal of grasses favours shrub establishment. 
However, this result might also suggest that the processes happening in an established grass 
matrix may not be the same as in a pot with one grass seedling competing with a shrub seedling. 
Generally, when there are few shrub seedlings in a grass matrix, as is the case in nature, the 
grasses are able to exploit the resources more efficiently due to their extensive root system 
(Higgins et al., 2000; Manea and Leishman, 2015; Scholes and Archer, 1997). Therefore, the 
competitive advantage that has been recorded in grasses might be density dependent and only 
occur in a dense matrix. It may also only occur later, when grasses have developed more 
extensive roots and not in the early life stages. 
 
The intensity of competition did not vary with the amount of water available to the plants, 
which was rather puzzling, because theory predicts that competition intensity should increase 
with increasing resource availability (Bertness and Callaway, 1994; Dohn et al., 2013; Ladd 
and Facelli, 2005; Roques et al., 2001). I attribute this to very low germination in the lower 
water treatments, reducing the power of the tests. Although there was a pattern of A. pubescens 
suffering slightly more from competition from both shrubs, under low water conditions. In 
addition, due to mismatched neighbour combinations across ecotypes, it was not possible to 
determine origin-neighbour interactions.  
 
In conclusion, the results of this study made predicting the direction of bush encroachment 
under future climate even more difficult, as they were generally contrary to the hypotheses. For 
example, grasses were not less negatively affected by drought, but appeared to be more affected 
by competition than shrubs. Furthermore, plants originating from drier areas did not reveal any 
adaptation to drought, most probably because there might be other factors not measured in this 
study, which together with soil moisture might lead to differential ecotypic reactions. Future 
 33 
studies should therefore consider reciprocal transplant experiments, to determine how the 


















































Drought and elevated CO2 effects on trees and grasses in southern African 




Despite much research, the main causes of bush encroachment remain unclear. In addition, 
climate change may add further uncertainty related to predicting the balance between shrubs 
and grasses in savannas. For example, more frequent and prolonged droughts should favor C4 
(grasses) over C3 (trees/shrubs) plants. Vice-versa, elevated CO2 concentrations should favor 
shrubs. Unfortunately, despite myriads of conceptual and speculative studies about the effects 
of elevated CO2 on shrub-grass interactions in savannas, there are virtually no experiments. 
Here, I determined the combined effect of elevated CO2 and drought on the establishment of 
two encroaching shrub species and two grasses. Seeds were collected at three sites along a 
rainfall gradient in Namibia and sown in six climate-chambers with either ambient or elevated 
CO2 concentrations. After germination, seedlings were randomly assigned to either a control 
or drought treatment and performance measures obtained from them. We expected that a) 
drought affects the growth of shrub seedlings more negatively than grasses, b) shrub seedlings 
show a stronger positive response to elevated CO2 than grasses, and c) CO2 enrichment 
mitigates the adverse effects of drought. The results suggest that drought will play a more 
important role in determining performance of savanna plants under predicted climate regimes 
than CO2. Elevated CO2 did not compensate for shrub fitness losses caused by drought, 
indicating that shrub encroachment may slow down under predicted climate change. There is 
however need for caution as the shrub species, particularly S. mellifera seemed to be less 
affected by drought in terms of shoot biomass, and both had longer roots under drought stress, 




Another important factor related to climate change are elevated atmospheric CO2 
concentrations due to greenhouse gas emissions. These are particularly interesting in the 
context of bush encroachment because of the two photosynthetic pathways that should cause 
differential susceptibility to elevated CO2. Namely, elevated CO2 should favour C3 plants more 
than C4 plants. Therefore, a highly interesting interaction occurs between drought and CO2 in 
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that elevated CO2 should counteract negative effects of drought on shrubs and trees and thus 
favour shrub encroachment (Bond and Midgley, 2012; Kgope et al., 2009; Polley, 1997). 
Unfortunately, despite myriads of speculative, conceptual and some quantitative modelling 
studies about the effects of elevated CO2 on shrub-grass interactions in savannas, experimental 
evidence to support the theories is virtually missing. Namely, almost no experiments exist that 
manipulate CO2 in shrub-grass systems of African savannas and even less that combine CO2 
effects with manipulation of water availability.  
 
There is one study by Kgope et al. (2010) on growth responses of African savanna trees to 
different CO2 concentrations. Although the study found that seedling growth was significantly 
enhanced by marginally elevated CO2 concentrations for the trees (Acacia karoo and Acacia 
nilotica) but remained unaffected in a C4 grass (Themeda triandra), this difference was not 
observed between 370 and 550 µmol mol-1, which would represent ambient and future elevated 
CO2 concentrations, respectively. Furthermore, the study was performed in open-top chambers, 
which have been criticized (also by Kgope et al. (2010)) for the fact that the conditions within 
the chambers cannot be controlled. Moreover, the plants were not germinated together, making 
conclusions about their interactions under drought and elevated CO2 impossible. Therefore, 
there is a clear need for studying CO2 effects on shrubs and grasses and their interactions using 
state-of-the art methods such as closed climate chambers or FACE systems.  
 
This study aims to bridge these research gaps. Namely I look at the combined effects of 
elevated CO2 concentration and drought on establishment of four coexisting species of southern 
African savannas: two encroaching C3 shrub species and two coexisting C4 grasses. 
Additionally, I looked at the effects of these changes on shrub-grass interactions.  
 
In addition, previous work has shown that plants originating from areas with different 
environmental conditions (e.g. different levels of precipitation) may respond differently to 
changes in climatic conditions as a result of local adaptation (Franks et al., 2014; Hagenah et 
al., 2009; Johnson et al., 2015; Leimu and Fischer, 2008; Kgosikoma, 2012; Rysavy et al., 
2014; Savolainen et al., 2007; Wang et al., 2016). Therefore, drawing general conclusions on 
species’ reactions to predicted climate change regimes based on plants from a single locality 
might be misleading. For example, it has been suggested that plants that stem from more 
variable climates may be much less vulnerable to climatic extremes such as drought (Johnson 
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et al., 2015; Petrů et al., 2006). Unfortunately, previous studies about shrub encroachment were 
usually done within a single site and ignored potential ecotypic differences among sites 
differing in amount and variability of precipitation (Bell and van Staden, 1993; Gil-Romera et 
al., 2010; Meyer et al., 2005; Roques et al., 2001; Tessema et al., 2011). The same applies to 
the handful of experimental studies about CO2 effects on shrubs and grasses (Kgope et al., 
2009; Manea and Leishman, 2015). Here, I compared seedlings germinated from seeds 
collected along a rainfall gradient to infer the degree of local adaptation to drought, as well as 
determine the effect of elevated CO2 concentration. 
 
In summary, the following hypotheses were tested: 
(1) Drought will lead to a stronger decrease in performance of shrubs compared to grass 
seedlings 
(2) Elevated CO2 will enhance the performance of shrubs more than that of grasses  
(3) CO2 enrichment will mitigate the adverse effects of drought, and more so for the shrub 
species 
(4) Plants locally adapted to drier and more variable climates will be less sensitive to 
drought than plants originating from more humid sites  
(5) Elevated CO2 will be more beneficial for ecotypes from wetter climates 
(6) When grown together, the shrubs will suffer more from the presence of the grasses than 
vice-versa 
 
Materials and methods 
Experimental design 
General considerations: The results of own observations in the greenhouse (Chapter 2), in the 
field (Chapter 4), and of a pilot study in a climate chamber (Bruder, 2015), indicated that there 
is a high uncertainty regarding whether the focal species produce seeds in any given year or 
site and whether they germinate or not. Furthermore, the high number of factors (water, CO2, 
origin, competition, and species) would mean a sacrifice in sample sizes when designing the 
experiments. Therefore, to ensure high replication and statistical power and minimize the risk 
of complete failure (due to lack of seeds or insufficient germination), a two-step approach was 
followed. Namely, I performed two experiments with seeds collected over two consecutive 
years. The first experiment focused on the performance of the focal species as a function of the 
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factors origin, CO2, and water. It also served to optimize the experimental procedure and for 
deciding about a subset of species for the follow-up experiment. The second experiment was 
then done on one grass and one shrub species, both because these exhibited the highest 
germination in experiment 1 and because no seeds (Dichrostachys) or very few seeds 
(Stipagrostis) were available for that experiment. With half the species, we could add the 
remaining treatment, namely competition. The second experiment thus served mainly to 
investigate the effect of a heterospecific neighbour on performance. In addition, it enabled us 
to test whether the general patterns regarding CO2 and water effects can be confirmed for the 
two species and whether there are interactions with the competition treatment. 
Experiment 1 
The first experiment was a full factorial design for each species separately with three factors, 
namely CO2 and water, each having two levels and seed origin, each having either two levels 
(S. mellifera) or three levels. The two CO2 levels were ambient (400 µmol mol-1) and elevated 
(550 µmol mol-1), and the water levels were regular watering and a drought treatment. We 
therefore had the following four treatment combinations for each species and site: ambient CO2 
with regular watering (control), ambient CO2 with drought (drought), elevated CO2 with 
regular watering (elevated CO2), and elevated CO2 with drought.   
Seed collection and preparation 
Tree seeds for the first experiment were collected from November to December 2015, while 
grass seeds were collected from April to May 2016. Due to a fire in the area earlier that year, 
it was not possible to sample S. mellifera seeds from the sub-humid site. Furthermore, no seeds 
were available from the arid site for S. uniplumis. Seeds were then sent to Germany for the 
climate chamber experiments. Based on a pilot experiment (Bruder, 2015), the seeds were 
stratified by first exposing them to Namibian winter temperatures and day length, and then the 
temperature was gradually increased and day length adjusted to reflect growing season 
conditions. The experiment was then conducted in six climate chambers (Vötsch BioLine, 
Balingen, Germany) at Hohenheim University, Germany (Fig. 1A). These are closed chambers, 
in which CO2 concentrations as well as photon flux density, temperature and humidity can be 
controlled. Three of the climate chambers were set to ambient, while the other three were at 
elevated CO2 concentrations. 
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Fig. 1. An example of the state of the art climate chambers used (A) and an experimental set-up in one 
of the climate chambers (B). 
 
Sowing and treatments 
The seeds were sown in rose-pots (11.35 cm x 11.35 cm x 20 cm (height)), to provide 
belowground depth for root growth. Each species was sown separately; twenty seeds were 
sown per pot for each grass species and 10 seeds for each shrub species. More grass seeds were 
sown to increase the chances of having at least one seedling germinating per pot, as a previous 
greenhouse study (Bruder, 2015) showed that S. uniplumis has a very low germination rate. 
The seeds were sown in sand, to mimic natural soil conditions. Seeds were sown by covering 
them with a thin layer of sand (± 1 cm), because S. mellifera (Kraaij and Ward, 2006) and S. 
uniplumis (Zimmermann et al., 2008) need to be slightly buried to improve germination. Each 
pot then received four grams of Osmocote Pro Controlled Release Fertilizer (Everris), an 
amount determined based on the soil nutrient content in the field. 
After sowing and initial watering, the pots were divided among the six climate chambers (three 
chambers for each CO2 concentration) and arranged randomly within each chamber (Fig. 1 B). 
During the first four weeks of the experiment, all pots received the same amount of water to 
allow germination and seedling establishment. At the end of the fourth week, the seedlings 
were thinned to one per pot and randomly assigned to either a drought treatment (no subsequent 
watering) or control (watering every second day). Thus, the drought treatment simulated the 
common situation of a prolonged early drought at the seedling stage, a major bottleneck for 
establishment (Miller, 1987; Quintana et al., 2004). The different treatments were replicated 
nine times in total, i.e. three replicates per climate chamber.  
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To account for any possible chamber effects, pots were randomised among the chambers 
weekly. This was done by moving the pots to the next chamber and changing the CO2 profiles 
of the chambers accordingly.  
Four weeks into the drought treatment, the remaining seedlings were harvested, and their root 
and shoot length measured separately. Sand was shaken off the roots over a sieve to reduce the 
loss of fine roots, after which excess sand was gently washed off by spraying water on the 
roots. Both roots and shoots were first air-dried for a month, and then dried in an oven to a 
constant mass at 60o C for 24 hours. After drying, the samples were weighed to determine root 
and shoot dry biomass for each seedling. 
Experiment 2 
As explained above, a second experiment was conducted that included a competition treatment. 
Two of the four study species, A. pubescens and S. mellifera were used for this experiment 
because a) they had the highest overall germination in experiment 1 and b) because only very 
few (Stipagrostis) or no seeds (Dichrostachys) were available for the other two species. Grass 
seeds for the experiment were collected at the three study areas from April to May 2016, and 
S. mellifera seeds were collected from November to December 2016. The seeds of S. mellifera 
were therefore different seeds from those in the first experiment. Due to low overall seed 
numbers, only eight seeds per species were sown in each pot. 
The experiment had a full factorial design for each species with the addition of a competition 
treatment. Namely, plants were either grown alone (control) or with a heterospecific neighbour. 
The CO2 concentrations were the same as in the first experiment, but the watering treatment 
was adjusted slightly. Seedlings in the regular watering treatment were watered every third 
day, while the drought treatment was watered every tenth day, to ensure all the seedlings, 
especially those that were two in a pot survived to the end of the experiment. At the end (four 
weeks after starting the drought treatment), shoot biomass was harvested and dry mass 
determined as described in the first experiment. 
To quantify the effect of competition on performance, I calculated the relative interaction index 
RII (sensu Armas et al., 2004) as follows: Bw-Bo/Bw+Bo, where Bw= biomass with neighbour 
and Bo= biomass without neighbour. 
To allow for the calculation of Relative Interaction Index (RII), pots were arranged into three-
pot blocks: 1. A. pubescens alone, 2. S. mellifera alone and 3. both species sown together, which 
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were always kept together during randomization. There was generally low germination of A. 
pubescens, leading to many empty pots, meaning that in some cases there was a sharing of the 
value of the control plants for calculation of RII between two blocks. The two sharing blocks 
were then kept together during randomization. 
Data analysis 
 
Our initial design for the first experiment was full factorial with four factors; seed origin, 
species, CO2 and water. However, this did not end up being the case, because we only had S. 
mellifera seeds from the two drier sites. I therefore ran separate models for each species, to 
compare CO2, water and origin effect. There were three dependent variables for the analyses, 
namely shoot biomass, and total: root biomass and length. The shoot biomass data were log-
transformed and analysed using a Generalized Linear Model (GLM), normal distribution with 
a Logit link function. The ratios were not transformed and were analysed the same way as the 
shoot biomass data. 
 
Although the second experiment had a full factorial design, there were too many factors (origin, 
species, CO2, water and heterospecific interaction) to address in one model. Therefore, to avoid 
having a very large and confusing model, the data were analysed separately for each species as 
well. The data were also log-transformed and analysed using a Generalized Linear Model 
(GLM), with normal distribution and a Logit link function. The dependent variables for the 
second experiment models were shoot biomass and RIIs. A one sample t-test was used to 
evaluate whether the RII mean of each treatment differed significantly from zero (no neighbour 
effect). 
 
All the data were analysed with SPSS Statistics for Windows (IBM, Version 24.0., 2016), and 












(1) Drought effects on the different ecotypes of the focal-species 
  
(i) Shoot biomass 
Drought inhibited the growth of all the focal species, but only three of the four species showed 
a significant drought effect according to ecotypes (Table 1, Fig. 2, Appendix 1). For two species 
(S. uniplumis and D. cinerea), plants from the wetter site responded less to drought (Fig. 2). 
For A. pubescens, there was a similar albeit not significant trend (Fig. 2). There was no ecotypic 
drought effect for S. mellifera, and none of the two ecotypes from this species separately 
exhibited a significant reduction in biomass due to drought (Table 1, Fig. 2). 
 
Generally, all the species apart from S. mellifera exhibited a difference in biomass according 
to seed origin (Table 1). For the two grasses the wetter sites had significantly lower biomass, 
while for D. cinerea the semi-arid site had higher biomass than the arid one (Appendix 1).  
 
Table 1. Results of GLMs with a normal distribution and logit link function, constructed to 
test for the effect of water (H2O) and origin (Orig.) on shoot biomass of the four focal-species. 
Significant results (p< 0.05) are indicated in bold. 
 A. pubescens S. uniplumis D. cinerea S. mellifera 








H2O 473.22 1 <0.001 33.58 1 <0.001 58.58 1 <0.001 7.415 1 0.006 
Orig. 12.44 2 0.002 5.41 1 0.020 10.37 2 0.006 0.20 1 0.657 
Orig. 
x H2O   









Fig. 2. The effects of drought on seedling shoot biomass of the four focal-species according to the 
different seed origins. The values on the y-axis (response ratio) were calculated by dividing the mean 
of each treatment by that of the control (treatment/ control). The control is denoted by the dashed line. 
Values above the control line represent a positive treatment effect and vice-versa. Asterisks indicate 
significant differences from the control and their levels of significance (*p< 0.05, **p< 0.01 and ***p< 
0.001), according to the GLMs Least significant difference pairwise comparisons. 
 
 
(ii) Total to root biomass allocation 
Overall, biomass allocation patterns were only affected by water availability and in one case 
(A. pubescens) by origin (Table 2). All three A. pubescens ecotypes differed in their biomass 
allocation to roots, with the sub-humid ecotypes allocating the most and the semi-arid the least 
biomass to the roots (Table 2, Fig, 3). In general, more biomass was allocated to roots under 
drought stress (Fig. 3), and this pattern was particularly strong for D. cinerea (all sites) and S 




























































Table 2. Results of GLMs with a Normal distribution and logit link function, constructed to 
test for the effect of water (H2O) and seed origin (Orig.) on biomass allocation to roots of the 
four focal-species. Significant results (p< 0.05) are indicated in bold. 
 A. pubescens S. uniplumis D. cinerea S. mellifera 








H2O 18.13 1 <0.001 5.23 1 0.022 69.94 1 <0.001 12.52 1 <0.001 
Orig. 42.03 2 <0.001 0.87 1 0.351 4.47 2 0.107 1.306 1 0.253 
Orig. 
x H2O   




Fig. 3. The effects of drought on seedling biomass allocation to roots (mean ± SE), for the different 
ecotypes of our focal-species. Different letters indicate significant differences (GLMs) and are unique 








































































Note: I only show results for total to root biomass allocation because the general trends 
between the total to root biomass and length ratios were similar. See appendix 2- 4 for the 
total to root length ratios test outputs and figures. 
 
(2) Effects of elevated CO2 on the different ecotypes of the focal-species 
 
(i) Shoot biomass 
The overall (positive) effect of CO2 on shoot biomass was very weak, and there was a slight 
tendency for shrubs to benefit more from CO2 (Table 3, Fig. 4). Of all species, only S. mellifera 
exhibited a significant overall CO2 effect (Table 3, Fig. 4). However, there were interactions 
with origin. Namely plants from both the sub-humid (F= 5.59, df= 1 & p= 0.018) and the arid 
site (F= 8.27, df= 1 & p= 0.004, Fig. 4) generally benefited from elevated CO2, although the 
effect was greater and more obvious for the arid ecotypes of A. pubescens and S. mellifera (Fig. 
4). A. pubescens from the semi-arid site was negatively affected by elevated CO2 (Table 3, Fig. 
4).  
 
Though some of these results seem rather subtle, the same general pattern was found in the 
second experiment (Fig. 7, Appendix 6). 
 
Table 3. Results of GLMs with a normal distribution and logit link function, constructed to 
test for the effect of elevated CO2 and origin (Orig.) on shoot biomass of the four focal-species. 
Significant results (p< 0.05) are indicated in bold. 
 A. pubescens S. uniplumis D. cinerea S. mellifera 








CO2  0.03 1 0.857 0.81 1 0.367 3.29 1 0.070 6.63 1 0.010 
Orig. 12.44 2 0.002 5.41 1 0.020 10.37 2 0.006 0.20 1 0.657 
Orig. 
x CO2 




Fig. 4. The effects of elevated CO2 on seedling shoot biomass of the four focal-species according to the 
different seed origins. The values on the y-axis (response ratio) were calculated by dividing the mean 
of each treatment by that of the control (treatment/ control). The control is denoted by the dashed line. 
Values above the control line represent a positive treatment effect and vice-versa. Asterisks indicate 
significant differences from the control and their levels of significance (*p< 0.05, **p< 0.01 and ***p< 




(ii) Total to root biomass allocation  
None of the focal species revealed an elevated CO2 effect on the allocation of biomass to roots 
(Table 4, Fig. 5). However, there was a difference in the allocation of biomass to the roots for 
A. pubescence based on seed origin, with the sub-humid ecotype allocating the most biomass 
to roots and semi-arid one the least (Table 4, Fig. 5). Since there was no overall CO2 effect, 
there was also no difference in biomass allocation due to elevated CO2 for any of the seed 
origins (Table 4, Fig. 5).  
 
Table 4. Results of GLMs with a Normal distribution and logit link function, constructed to 
test for the effect of elevated CO2 and seed origin (Orig.) on biomass allocation to roots of the 
four focal-species. Significant results (p< 0.05) are indicated in bold. 
 A. pubescens S. uniplumis D. cinerea S. mellifera 








CO2  0.66 1 0.418 0.27 1 0.605 0.46 1 0.498 1.306 1 0.253 
Orig. 42.03 2 <0.001 0.87 1 0.351 4.47 2 0.107 1.306 1 0.253 
Orig.x 
CO2 






































































Fig. 5. The effects of elevated CO2 on seedling biomass allocation to roots (mean ± SE), for the different 
ecotypes of our focal species. Different letters indicate significant differences (GLMs) and are unique 
to each graph.  
 
 
3. The combined effect of drought and elevated CO2 on each of the focal species 
There was no CO2 effect under drought stress for any of the focal species (Fig. 6). However, 
the two shrubs showed a significant interaction between CO2 and water, both benefitting from 































































Table 5. Results of GLMs with a normal distribution and logit link function, constructed to 
test for the combined effect of water (H2O) and elevated CO2 on shoot biomass of the four 
focal-species. Significant results (p< 0.05) are indicated in bold. 
 A. pubescens S. uniplumis D. cinerea S. mellifera 














Fig. 6. Shoot biomass (mean ± SE) showing the response of the focal-species (grasses on top and shrubs 
at the bottom) to the interaction of two watering levels and CO2 concentrations. Different letters indicate 





Drought had a similarly negative effect on biomass as in experiment 1, but this effect was not 
significant for the grass species (Table 6, Fig. 7A). The ecotype- and species- specific (S. 

































































The presence of S. mellifera had a significant negative effect on A. pubescens, but not vice-
versa (Table 6, Figure 7C). The RIIs revealed the same results as the main test, in that the grass 
was generally affected by competition from the shrub and there was no significant interaction 
between neighbour effect and the other treatments, for any of the two species (Appendix 5 & 
6).    
 
Table 6: Results of GLMs with a normal distribution with a Logit link function constructed to 
test for the effect of water (H2O), elevated CO2 and seed origin (Orig.) and a heterospecific 
neighbour on biomass of the four focal-species. Significant results (p< 0.05) are indicated in 
bold. 
 A. pubescens S. mellifera 
Effects F df p-value F df p-value 
CO2  3.70 1 0.054 8.08 1 0.004 
H2O 2.92 1 0.087 13.26 1 < 0.001 
Orig. 12.75 2 0.002 104.3 2 < 0.001 
Neighbour 8.56 1 0.003 0.35 1 0.553 
Orig. x CO2 0.55 2 0.760 2.53 2 0.282 
Orig. x H2O   0.19 2 0.911 7.91 2 0.019 
Orig. x Neighbour 0.62 2 0.734 4.18 2 0.124 
CO2 x H2O 0.31 1 0.579 1.98 1 0.159 
CO2 x Neighbour 2.65 1 0.104 1.00 1 0.318 
H2O x Neighbour 0.08 1 0.785 1.05 1 0.307 
Orig. x CO2 x H2O 2.26 2 0.323 6.79 2 0.034 
Orig. x CO2 x Neighbour 1.35 2 0.510 1.46 2 0.482 
Orig. x H2O x Neighbour 0.30 2 0.862 0.49 2 0.783 
CO2 x H2O x Neighbour 2.28 1 0.131 0.003 1 0.954 
Orig. xCO2 x H2O x Neighbour 2.18 2 0.336 0.96 2 0.617 
   
 49 
 
Fig. 7. The response of shoot biomass (mean ± SE) of three ecotypes (represented by origins on x-axis) 
of a grass (left) and shrub (right) to drought (A), elevated CO2 (B) and heterospecific interaction/ 




The overall results of the climate chamber experiments suggest that drought may play a more 
important role in determining the performance of the focal savanna species during early 
establishment than elevated atmospheric carbon dioxide concentrations. In addition, responses 
differed between species and origins but very often not in the direction suggested up front. In 
the following, I discuss my findings with respect to the initial hypotheses separately. 
 
1. Drought effects on seedlings of the focal-species  
Drought did not have a more negative effect on shrubs than grasses. In fact, the species that 
was most affected by drought was a grass (A. pubescens) and the least affected a shrub (S. 
mellifera). Although this finding is contrary to studies that have found C4 plants to be more 


























































































































































1999), it is similar to those found in an independent greenhouse experiment (Chapter 2), 
indicating that these results were robust. One explanation for these counterintuitive findings 
could be a suggestion by Ripley et al. (2010), who found that although C4 plants may not be 
limited by excessive transpiration due to opening of stomata, they may be metabolically limited 
in their CO2 assimilation under drought stress, which results in them being less water efficient 
even under mild drought.  
 
However, if this explanation held true for our study species, then elevating the CO2 
concentration should have improved the performance of grasses under drought stress, but this 
was not the case. Therefore, another possible explanation for the finding could be that the 
drought treatment was too intense and was thus more pronounced for the faster growing (and 
therefore larger) grass (A. pubescens) seedlings, which may have depleted water in the pots 
faster than the smaller shrub (S. mellifera) seedlings. In fact, the second climate chamber 
experiment was the only one of all the experiments for this doctoral study where A. pubescens 
was not negatively affected by drought, while S. mellifera was. In that experiment however, 
seedlings of the grass species had extremely low biomass compared to the other experiments, 
further supporting my argument about the observed drought effect being a function of seedling 
size. This finding could be extrapolated to the field, to suggest that fast growing plants (i.e. the 
grasses) may utilize the limited water in their immediate surroundings faster, and therefore may 
experience drought effects way before their slow growing counterparts.   
 
Our data may also give rise to another less speculative explanation. Namely, although all four 
of the study species showed a general increase in biomass allocated to roots under drought 
stress, this response was more pronounced in the two shrubs, particularly D. cinerea. Not only 
did the two shrubs have significantly more root biomass across ecotypes (apart from the semi-
arid ecotype of S. mellifera), they also consistently had longer roots under drought stress. These 
general differences in grasses and shrubs allocation to roots, especially with regard to root 
length, supports the concept that shrubs predominantly get their water from greater depths, 
while grasses obtain their water from shallower layers of the soil (Sala et al., 1989; Walter, 
1971). The shrub seedlings are therefore probably adapted to prioritise root elongation in an 
effort to reach ground water as fast as possible, especially under drought stress. This advantage 
is particularly important in an early seedling stage and may explain why in our experiment, the 
grasses seem to suffer more from the drought than the shrubs.  
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2. The effects of elevated CO2  
Although the response to elevated CO2 was generally weak and sometimes ecotype specific 
(A. pubescence and S. mellifera), our results clearly show that shrubs benefited more from 
elevated CO2 than grasses. Therefore, when considered in isolation, predicted levels of 
atmospheric CO2 concentrations may lead to further bush encroachment, which agrees with the 
common notion that elevated CO2 will benefit C4 plants more than C3 ones (Bond and Midgley, 
2012; Devine et al., 2017; Hamim, 2005; Kgope et al., 2009; Polley, 1997; Polley et al., 1997). 
However, CO2 might not play such a major role when considered together with drought, as 
discussed below.  
 
Firstly, the general weak response to elevated CO2 observed in our focal species could be 
because the difference between current ambient and near future elevated atmospheric carbon 
dioxide concentrations is simply not enough to cause significant increases in the growth of 
these species. A similar finding was also made by Kgope et al. (2009), when shoot biomass for 
both Themeda triandra (C4 grass) and Acacia karoo (C3 shrub), did not differ significantly 
between CO2 concentrations of 370 and 550 µmol mol-1. However, their open-top chambers 
did not enable any control over CO2 concentrations. Nevertheless, the fact that we obtained 
similarly small responses indicates that their results could not only be affected by the 
manipulation approach but that indeed the predicted increase in CO2 over the next 60 years 
will not have a marked effect on the establishment of shrubs and grasses in savannas. 
Interestingly, Kgope et al. (2009) did detect some effects between  low (180-280 µmol mol-1) 
and extremely high (370- 1000 µmol mol-1) CO2 concentrations, indicating that the subtlety in 
CO2 effects detected by us could be caused by small effect sizes. 
 
Due to the general weak response to elevated CO2 among our focal species, it is maybe not 
surprising that CO2 enrichment did not mitigate the adverse effects of drought, i.e. the plants 
were simply just not benefiting markedly from the higher CO2. A possible reason is the overall 
small effect size for CO2 as explained above, which was not sufficient to counteract the extreme 
drought effects (Perry et al., 2013). It has also been previously found in other studies that 
drought effects outweigh the benefits obtained from elevated CO2 (Leakey et al., 2006; Morgan 
et al., 2004; Perry et al., 2013). Another possible explanation for this finding might be that the 
drought was so intense that the plants were forced to close their stomata to preserve the limited 
water or simply reached wilting point (Franks et al., 2013; Warren et al., 2011). Therefore, 
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although elevated CO2 is expected to ameliorate drought effects by reducing stomatal 
conductance (Ainsworth and Rogers, 2007; Franks et al., 2013; Polley and Derner, 2002; Xu 
et al., 2016), during an extreme drought the seedlings in this study would have been unable to 
assimilate the abundant CO2 and therefore could not benefit from it (Duan et al., 2013; Franks 
et al., 2013; Warren et al., 2011). As discussed above, another indication that our drought 
treatment might have been too intense is the fact that all our focal species were significantly 
affected by drought, with the larger ones suffering the most.  
 
Interestingly, while general performance measured in biomass did not show any mitigation 
effects, there was an effect on below-ground architecture in one of the species. Namely the 
total to root length ratio of A. pubescens, was larger under drought stress with elevated CO2. 
This may suggest an interesting pattern, i.e. a drought mitigating effect of CO2 belowground. 
Since this is the only one of our four species that demonstrated this below-ground response to 
elevated CO2, we cannot draw a general conclusion on the effect of CO2 enrichment on seedling 
root elongation under drought stress. Unfortunately, there are no previous studies to support 
our claim, not only because of the general lack of experiments with CO2, but also because 
belowground responses are generally neglected (but see- Derner et al., 2003; Kgope et al., 
2009). This new pattern merits more attention in future studies.  
 
I generally suggest that the next step towards understanding the role of elevated CO2 in tree-
grass interaction in savanna ecosystems should be through “free air CO2 enrichment” (FACE) 
experiments (Ainsworth and Rogers, 2007; Ceulemans and Mousseau, 1994; Derner et al., 
2003; Fangmeier et al., 2016; Högy et al., 2013; Norby and Zak, 2011; Paschalis et al., 2017). 
It might however be difficult to retrieve all the roots of the seedlings when they are grown 
directly in the soil, therefore I further suggest the use of large tubes or deep pots dug into the 
ground, to allow for root harvesting.  
 
3. The outcome of heterospecific interactions  
 
Another intriguing finding, was that the grass suffered consistently from the presence of a shrub 
seedling neighbour whereas the shrubs did not respond at all to competition from the grass. 
This finding may on the one hand seem contradictory to findings that grasses are better 
competitors for shared resources than shrubs (Higgins et al., 2000; Manea and Leishman, 2015; 
Scholes and Archer, 1997), and the idea that the removal of grasses, through overgrazing by 
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domestic livestock, favours shrub encroachment. However, an own parallel greenhouse study 
fully confirmed this pattern, indicating that this finding is robust (Chapter 2). 
 
One explanation may be that different processes occur in an established grass matrix in nature 
that may not be the same as in a pot with the two life-forms competing on a one-to-one ratio. 
The competitive advantage that has been recorded in grasses might therefore be density 
dependent, and probably only observed in a dense grass matrix. Additionally, it might also be 
that previous studies have been assessing the effect of established grasses on shrub seedlings, 
again giving the competitive advantage to the older and larger plants (Manea and Leishman, 
2015). Our field experiment (Chapter 4) showed no significant effect of a mature grass matrix 
on grass seedling emergence, but possible facilitation for S. mellifera emergence. 
Unfortunately, there were very few seedlings surviving at the end of the experiment, making it 
impossible to determine neighbour effect at seedling stage.  
 
We therefore conclude, with all the caution needed to be applied when doing studies with few 
species, that climate change might actually enhance encroachment. This is however not 
necessarily due to a larger positive response of shrubs to CO2 but rather a smaller negative 
response to drought. This rather unexpected effect might be due to the fact that we focused on 
the rarely studied bottleneck of shrub establishment, i.e. germination and early survival. 
Furthermore, rangeland managers should carefully monitor the recruitment of Senegalia 
mellifera, as this species benefited the most from CO2 enrichment and suffered the least from 
drought. It therefore has the potential of becoming more of a problem in terms of shrub 
encroachment, under those conditions. To what extent the removal of grasses by livestock is a 
main determinant of shrub encroachment we cannot say, but at least at early life stages, S. 
mellifera (one of the problematic encroachers) seemed to be a stronger competitor than A. 
pubescens (one of the most valued/ palatable rangeland grasses). 
 
This study provides first empirical evidence on the effect of elevated CO2 and drought on tree-
grass interactions in southern African savannas, under controlled conditions. But that means 
this was at a cost of realisms. Therefore, there is a need for experiments such as this (looking 







The effect of simulated grazing and nutrient addition on early life stages of 
two encroaching shrub species and two perennial grasses in a southern 




There are a number of factors that have been identified as so-called determinants for shrub-
grass interactions in savanna ecosystems, with overgrazing by domestic livestock being one of 
the most mentioned ones. In this study, I investigated the effects of simulated grazing and 
nutrient addition on seedling emergence and survival of two encroaching shrubs and two 
perennial grasses in a semi-arid savanna of Namibia. The original experimental design included 
a drought treatment in the form of rainout shelters, and as such a randomized block design with 
a full factorial combination of drought, grazing and nutrient treatment was used. Unfortunately, 
the drought treatment was unsuccessful, mainly due to constant damage of the rainout shelters. 
We hypothesised that simulated grazing will enhance shrub emergence more than grasses, 
grass shoot emergence will be enhanced by nutrient addition more than shrubs, and seedling 
survival will be higher for the grasses than the shrubs (especially under dry conditions). The 
results showed that simulated grazing negatively affected the emergence of S. mellifera, one of 
the shrub species, suggesting that the emergence of this species is facilitated by neighboring 
vegetation. Nutrient addition was more beneficial to the smaller seeded grass species. Overall 
seedling survival was significantly lower in grasses than shrubs. Due to generally lower 
survival, we could not compare seedling survival per treatment. As the study was conducted 
during a drought year in Namibia, I conclude that although not directly assed in this study, 
drought/ water stress seemed to continue (as found in our two previous chapters) being the 




One reason for shrub encroachment that has been repeatedly mentioned in literature, is 
overgrazing, particularly by domestic livestock (Bond and Midgley, 2012; Kraaij and Ward, 
2006; Moleele et al., 2002; Skarpe, 1990). Some studies have found that grasses are generally 
better competitors for shared resources than shrubs, and as such suppress the recruitment of the 
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former life form (Bond, 2008; Britz and Ward, 2007; Good et al., 2014; Higgins et al., 2000; 
Manea and Leishman, 2015; Scholes and Archer, 1997). Therefore, the mass removal of 
grasses through overgrazing is believed to induce competitive release for the shrubs and thus 
promote shrub establishment (Harrington, 1991; O’Connor et al., 2014; D. Ward, 2005). 
However, while this idea sounds appealing, it does not take into account that the nature and 
intensity of plant-plant interactions is not uniform in space. For example, the stress gradient 
hypothesis suggests that when environmental conditions are harsh, positive interactions among 
plants (facilitation) should become more dominant (Cristina Armas et al., 2011; Bertness and 
Callaway, 1994; Dohn et al., 2013).  
 
Facilitation as a major interaction type among shrubs and grasses in savannas has been almost 
completely overlooked so far, maybe because a great deal of research has been done in systems 
that receive a relatively large amount of annual precipitation, i.e. semi-arid to more humid 
savannas (Blaser et al., 2014; Devine et al., 2015; Kgope et al., 2009; X. Le Roux et al., 1995; 
Roques et al., 2001; Tessema et al., 2011). However, African savannas stretch from below 250 
mm to about 1600 mm mean annual rainfall (Lehmann et al., 2011), and thus the mechanisms 
governing shrub-grass interactions may largely differ in dry vs wet savannas. For example, in 
arid savannas, facilitation may be important such that some plants may provide suitable micro-
habitats for others to establish and grow (Bertness and Callaway, 1994; Callaway, 1995; 
Vetaas, 1992). I suggest, the best way to study how shrub-grass interactions may vary under 
different water conditions is to apply experiments that manipulate rainfall.  
 
In addition, shrub-grass interaction may also differ at different life stages. According to 
(Callaway and Walker, 1997) seedlings of species benefiting from facilitation have often been 
found closer to the nurse plants, while their adults were not. This is an indication that 
facilitation is more important during early life stages than late ones (Callaway and Walker, 
1997; Kellman and Kading, 1992; Schiffers and Tielbörger, 2006). For this reason, our study 
focused on the effect of grazing, which could mean competitive release or the possible removal 
of nurse plants, on the early life stages of the two life forms.  
 
Another factor that may affect the interactions between shrubs and grasses is soil nutrients 
(Cramer et al., 2010; Kraaij and Ward, 2006).  The effect of soil nutrients on the two life-forms 
has however mostly been recorded in terms of mature plants, especially under low soil nutrient 
conditions, where the fast growing, shallow rooted grasses are able to access the limited 
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nutrients in the topsoil more than the deep-rooted woody plants (Blaser et al., 2014; Cramer et 
al., 2010; Scholes and Archer, 1997). Unfortunately, we know nothing about the effect of 
nutrients on seedling emergence in savanna ecosystems.  
 
Enhanced seedling emergence has however been recorded in temperate grassland species under 
higher nitrate conditions (Hilhorst and Karssen, 1989; PONS, 1989). This opens up the 
possibility that soil nutrient conditions may affect plant recruitment, even as early as the 
seedling emergence state. In general, we would expect that grasses, due to their limited supply 
of seed nutrients, may need to rely on soil nutrients much sooner after root radicle emergence 
than their woody counterparts. And thus, nutrient addition should lead to more grass shoot 
emergence. Shrubs, on the other hand, can survive from nutrients obtained from cotyledons for 
weeks before requiring an external source of nutrients (Ernst, 1988), and therefore should not 
be affected by soil nutrient levels in the early stages of establishment. Although, it has also 
been previously reported that nutrient addition may have a negative effect on shrub seedling 
survival and establishment (M. A. Davis et al., 1999; Kraaij and Ward, 2006). 
 
A single previous study by Kraaij and Ward (2006) looked at the combined effects of drought, 
grazing and nutrients on early life stages of Acacia mellifera (Senengalia mellifera) sown in a 
pre-established grass matrix in South Africa. They found that frequent watering, nutrient 
control and grazing enhanced tree recruitment, but they did not study the effect on the grasses, 
i.e. the second important partner in the process of shrub encroachment.  
 
Here, we aimed at addressing the above gaps by investigating the effects of simulated grazing 
and nutrient addition on seedling emergence and survival of two encroaching shrubs and two 
perennial grasses in a semi-arid savanna of Namibia. We hypothesised that: 1. Simulated 
grazing will enhance shrub emergence more than grasses, 2. Grass shoot emergence will be 
enhanced by nutrient addition, while the treatment is expected to have a neutral to negative 
effect on the shrubs, and 3. Seedling survival will be higher for the grasses than the shrubs in 











The study was conducted at Neudamm, an experimental farm belonging to the University of 
Namibia, located about 40 Km outside Windhoek. Neudamm receives between 350 mm to 400 
mm average annual rainfall (Mendelsohn et al., 2002). Simulated grazing (clipping of grasses, 
Fig. 1), drought (rainout shelters intercepting 50% of the incoming precipitation) and nutrient 
addition (15 ml (table spoon) of crushed manure collected at a sewage water treatment in 
Windhoek) were applied in a full factorial design. Since the rainout shelters served as blocks, 
a randomised block design with the different treatments being applied in 4 x 4 m blocks (the 
size of the shelters), was used. Each block therefore represented one combination of the three 
treatments (e.g. shelter x clipped x nutrient). The focal species were sown in 20 x 20 cm plots, 
within each block (Fig. 2). To distinguish our seedlings from those growing from the soil seed 
bank, the seeds were sown in plastic rings.  
A total of 20 sheltered and 20 unsheltered blocks were used, and each ecotype was replicated 
four times (when seed numbers allowed) and randomly distributed within a block.  
Due to limited space, grass seeds from the same site where sown in individual plastic rings on 
opposite sides of the same 20x 20 m plots. Each plot was 50 cm from the next and 50 cm from 
the edge of the block (Fig. 2). The experiment relied on rainfall for germination, therefore no 
artificial watering was done. The soil was however moist at the time of sowing as the area 



































Sowing and data collection 
Sowing was done between 6-11 December 2014, by emptying a paper bag with pre-counted 
seeds into a plastic ring (4 cm in diameter and 2.5 cm height) positioned in the centre of the 
plot and covering the seeds with about a centimetre of soil. Plastic rings were used in order to 
protect our seeds from been blown away by the wind as well as to insure, to a certain degree, 
that we were counting seedlings emerging from our seeds and not from the soil seed bank. A 
total of eight shrub and ten grass seeds per plot were sown, to increase the chances of having 
at least one seedling per plot. 
The first emerging seedling per plastic ring was recorded, marked with a flag and monitored 
for the duration of the experiment. All subsequent emerging seedlings were noted and then 
carefully removed. Seedling emergence was recorded once a week, or sometimes less frequent, 
mostly depending on rainfall, until the eighth of May 2015. Seed germination fractions was 
calculated as the number of emerging seedlings divided by the number of seeds sown. Seedling 
survival rate was determined by dividing the number of seedlings alive on the last day of data 
collection, by those that emerged during the period of data collection, for each species.  
Changes made to the experiment  
The rainout shelters were designed to intercept 50% of rainfall, but due to constant shelter 
damage throughout the study, there was no difference in the response variables between 
sheltered and unsheltered blocks. Soil moisture content also did not differ between the shelters 
and adjacent unsheltered areas. Since the drought treatment was unsuccessful, the sheltered 




All the data were analysed with SPSS Statistics for Windows (IBM, Version 24.0., 2016). A 
Binomial distribution, Generalized Linear Mixed Model (GLMM) with a logit link function, 
was used to test for differences in seedling emergence and survival of the different species. I 
used “block” as a random factor in both models. The fixed factors for the seedling emergence 
model were species, origin, clipping and nutrients. Since there was no significant origin effect 
for any of the species, this factor was removed. The model improved (lower AIC) with the 
removal of origin and again with the removal of the three-way interaction of species, clipping 
and nutrients. Therefore, the fixed factors for the final model were species, clipping, nutrients 
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and their two-way interactions. Due to very low survival and lack of other treatment effect, we 
only used species as a fixed factor for the survival model. The Least significant difference was 




The effect of clipping (simulated grazing) on seedling emergence of the focal species  
 
Clipping generally lowered the emergence rate of our focal species (Table 1). This effect was 
however species specific, where three of the species, with the exception of S. uniplumis, 
portrayed a trend of lower seedling emergence in clipped blocks (Table 1, Fig. 3). Though this 
trend was only significant for S. mellifera (Fig. 3).  
 
Table. 1. Results of GLMMs with a Binomial distribution and logit link function testing the 
effect of species and clipping on germination rate. Significant results (p< 0.05) are indicated in 
bold. 
Effects F df1 P 
Species 16.47 3 < 0.001 
Clipping 4.78 1 0.029 




Fig. 3. Seedling emergence rate (mean ± SE), showing the response of the focal species to clipping 



























The effect of nutrient addition on seedling emergence of the focal species 
 
Although nutrient addition had a significant overall enhancing effect on emergence, there was 
no significant interaction between nutrient addition and species (Table 1, Fig. 4). All the 
species clearly exhibited a similar trend of higher seedling emergence under the nutrient 
treatment, but this was only significant for S. uniplumis, i.e. there was a slight trend towards 
larger nutrient effects on grasses (Table 1, Fig. 4).  
 
Table. 2. Results of GLMMs with a Binomial distribution and logit link function testing the 
effect of species and nutrients on germination rate. Significant results (p< 0.05) are indicated 
in bold. 
Effects F df1 P 
Species 16.47 3 < 0.001 
Nutrients 5.50 1 0.019 




Fig. 4. Seedling emergence rate (mean ± SE) of the focal species in response to nutrient addition. 
Different letters represent significant differences. 
 
 
Seedling survival for the four focal- species 
 
Seedling survival was generally low, but there was a clear life-form depended difference in the 






























significantly lower survival rate than the shrubs, and there were no within life-form differences 
observed (Fig. 5).  
 
 







Our findings suggest that S. mellifera emergence was facilitated by the presence of neighboring 
vegetation and that nutrient addition may enhance emergence of S. uniplumis. 
 
Contrary to our expectation, simulated grazing did not enhance shrub emergence more than 
grasses. We actually found clipping to significantly lower emergence of one of the shrubs, S. 
mellifera, suggesting that seedling emergence in this species is facilitated by the presence of 
herbaceous vegetation.  This is a very interesting finding, because it is, on the one hand, in 
support of the stress gradient hypothesis, which expects biotic interactions to be less negative 
in arid environments (Bertness and Callaway, 1994; Dohn et al., 2013; Rysavy et al., 2014). 
On the other hand, it contrasts the common notion that shrub recruitment in savannas is greatly 
affected by grass competition (Ward, 2005; Skarpe, 1990; Manea and Leishman, 2015; Scholes 
and Archer, 1997). This finding may suggest that during the very early stages of S. mellifera 
development, facilitation by neighboring vegetation plays a more important role than 
competition. It has also been reported before in other studies that early life stages are more 
prone to being affected by positive interactions than late ones (Kellman and Kading 1992; 
Schiffers & Tielbörger 2006; Callaway and Walker 1997), and therefore this finding is not 
unique. Although, it raises the question of whether this facilitative effect will last long enough 





















Or whether the spread of S. mellifera will be controlled by subsequent competition as the plants 
grow larger and resources become limited (Callaway and Walker, 1997).   
 
All four focal-species showed a trend of higher seedling emergence under higher soil nutrient 
conditions, which was more clearly pronounced in the grasses and only significant for S. 
uniplumis. A possible explanation for the trend of positive nutrient effect on all four species 
might be that the manure added to the soil surface acted not only as nutrient addition but also 
as a mulch, absorbing water and reducing the rate at which the soil dried. This may have created 
an environment of slightly higher soil moisture within the plots treated with nutrients, and in 
turn higher seedling emergence. However, we might not necessarily be strictly looking at the 
effect of nutrients addition on seedling emergence, but also early survival, because emergence 
was not recorded daily and therefore some seedlings might have emerged but died shortly 
afterwards. If this is the case, it would have been almost impossible to have spotted remnants 
of the dead seedlings among the other vegetation, even in the clipped blocks as the bases of the 
clipped plants still remained. Consequently, this result might also mean that generally more 
seedlings in the nutrient addition treatment survived to be counted. Therefore, it is possible that 
seedling size (and therefore amount of nutrient reserves) played a role in S. uniplumis requiring 
an additional supply of nutrients during this early stage of its life cycle, compared to the other 
relatively large seeded species (Leishman, 2001; Milberg and Lamont, 1997). 
 
Overall seedling survival was very low, understandably so because the experiment was 
contacted in a drought year (UNICEF, 2017), and according to Moles and Westoby (2004), 
drought is responsible for 35% of seedling mortality. What was surprising however, is the fact 
that grass seedling survival was lower than that of shrubs. A possible explanation for this could 
be that the grasses, both C4, were more sensitive to water stress caused by the generally low 
rainfall and long intervals between rainfall events (Qi and Redmann, 1993; B. S. Ripley et al., 
2007; Westoby et al., 2002). The drought might have caused primary root death before the 
development of secondary roots, leading to leave death (Stichler, 2002). The higher survival in 
our two shrubs compared to the grasses, might be due to woody species in arid environments 
first allocating resources to rapid root elongation, more than shoot growth and therefore 
escaping the dry areas in the topsoil and reaching water at greater soil depths faster. This 
argument is supported by the fact that woody species in arid savannas, especially those deemed 
encroaching, have higher root: shoot ratios, especially under stressful situations (my climate 
chamber experiment (Chapter 3); Chirara and Gispen, 2002; Frost et al., 1986).  
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In summary, although not directly assed in this study, drought/ water stress seemed to be the 
most important factor affecting the early stages of establishment for all our study species. 
Interestingly, in early life stages, drought stress could actually cause facilitative interactions to 
dominate between shrubs and grasses.  The effect was clearly different between the two life 
forms, with grass seedlings being more affected by the drought stress. This finding was 
confirmed by our independent greenhouse and climate chamber experiments, were especially 
A. pubescens generally suffered the most from drought. Contrary to the common perception 
that grazing enhances shrub seedling establishment, Senegalia mellifera seedling emergence 
was negatively affected by simulated grazing, while D. cinerea was not affected. Therefore, 





























Contrary to our prediction, drought effect was generally not stronger for shrubs, but sometimes 
even seem to be stronger on the grasses. In addition, the shrubs had longer roots under drought 
stress and therefore could probably provide their relatively shorter shoots with more water, 
which might explain why the drought effect on shoot biomass was slightly in their favor.  
 
There was also no indication of adaptation to drought among plants originating from drier 
areas. Since the plants where grown on foreign soil in Germany, and in a common garden 
(Namibia) where none of the seeds sown in that experiment originated from, there is a 
possibility that there are other factors at the seed areas of origin and therefore not considered 
in our experiments, which together with soil moisture might otherwise cause plants from 
different origins to perform differently. 
 
There was generally a weak or no response to elevated CO2, which was rather species- specific, 
with S. mellifera benefiting the most. However, the benefits obtained from elevated CO2 were 
not enough to counteract the adverse effects of drought, probably due to the overall small effect 
size for CO2.    
 
To what extent the removal of grasses by livestock is a main determinant of shrub 
encroachment we cannot say, but at least at early life stages, S. mellifera (one of the problematic 
encroachers) seemed to be a stronger competitor than A. pubescens (one of the most valued/ 
palatable rangeland grasses). Unfortunately, due to high seedling mortality in the field 
experiment, we could not verify that the outcome of tree-grass interactions will differ when 
dealing with a mature grass matrix. However, S. mellifera seedling emergence was facilitated 
by surrounding herbaceous vegetation and/ or negatively affected by grazing, while D. cinerea 
was not affected. Therefore, is seems like S. mellifera is generally unaffected by grass 
competition (seedling stage) or facilitated by surrounding herbaceous vegetation (emergence 
and early seedling stage). 
 
In order to provide feedback for the main hypotheses introduced in the first chapter, each 
hypothesis is restated as a question in Table. 1. below. 
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Table. 1. Responses to the different study questions according to each experimental approach  
Questions Greenhouse Climate chambers Field 
1. Are grasses better 
adapted to drought than 
shrubs? 
No, a grass (A. 
pubescens) and a shrub 
(S. mellifera) were both 
negatively affected by 
drought. 
No, all the focal species’ 
shoot biomass was reduced 
by drought, although the 
shrubs seem to counteract 
this effect through root 
growth. 
Unsuccessful 
2. Does elevated CO2 
concentrations enhance the 
growth of shrub seedlings 
more than that of grasses? 
Not applicable Yes, especially for S. 
mellifera. 
Not applicable 
3. Do the benefits obtained 
from CO2 enrichment 
mitigate drought effect? 
Not applicable No Not applicable 
4. Do grasses suppress the 
establishment of shrub 
seedlings? 
No, grasses seem to 
suffer more from S. 
mellifera competition. 
No, A. pubescens suffered 
more from S. mellifera 
competition. 
No, grasses seem to 
facilitate the 
emergence of S. 
mellifera. 
5. Is the suppression in 4 
more pronounced under 
drought conditions? 
Inconclusive: very few 
replicates under the low 
water treatment. 
No, there was no 
significant interaction 
between neighbour and 
water for the suppressed 
species. 
Not applicable 
6. Do plants that stem from 
drier areas perform better 
under drought conditions? 
No, the opposite was true 
for S. uniplumis 
germination fraction, 
while the other species 
did not exhibit a 
significant ecotypic 
response to drought. 
No, the opposite was true 
for three of our four 
species, apart from S. 
mellifera that showed no 
ecotypic differences. 
Unsuccessful 
7. Does nutrient addition 
benefit grasses more than 
shrubs? 
Not tested Not tested Maybe, grasses seem 
to benefit more but 
the effect was only 
significant for the 
smaller seeded S. 
uniplumis. 
8. Was seedling survival 
higher for grasses? 




The one key take-home message from this study, which is clear from all the experiments is that 
drought was the most important factor in determining plant performance during the early life 
stages studied during this PhD. I therefore conclude that according to the early life stages and 
focal species studied here, climate change will not be decreasing shrub encroachment but that 
actually enhanced encroachment is possible in response to drought and elevated CO2. This is 
however not necessarily due to a larger positive response of shrubs to CO2 as predicted, but 
rather a smaller negative response to drought and competition. Rangeland managers are 
particularly cautioned to carefully monitor the recruitment of Senegalia mellifera, as it 
benefited the most from CO2 enrichment and suffered the least from drought and competition. 
It therefore has the potential of becoming more of a problem in terms of bush encroachment, 
under those conditions. 
 
This study provides the first empirical evidence on the effect of elevated CO2 and drought on 
shrub-grass interactions in closed climate chambers, in which the environment could be 
completely controlled. This was however at a cost of realisms, and as such, I recommend that 
the next step in researching the effect of these two factors on bush encroachment should be 
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Appendix. 1. Shoot biomass (mean ± SE) showing the response of the grasses (top) to the two shrubs, 
and the shrubs (bottom) to the two grasses, as neighbours. Different letters represent significant 




Appendix. 2. Shoot biomass (mean ± SE) for the four focal-species (grasses on top and shrubs at the 
bottom), showing the effect of seed origin and a heterospecific neighbour. The grasses are showing the 
effect of either D. cinerea or S. mellifera as a neighbour and the shrubs those of A. pubescens and S. 

























































































































 Appendix. 1. Shoot biomass (mean ± SE) for each of the focal species (grasses on top and shrubs at 
the bottom), showing ecotypic response to drought. Different letters represent significant differences 
(GLMs), and are unique to each species. 
 
 
Appendix. 2. Results of GLMs with a Normal distribution and logit link function, constructed 
to test for the effect of water (H2O), elevated CO2 and seed origin (Orig.), on root elongation 
of the four focal-species. Significant results (p< 0.05) are indicated in bold. 
 A. pubescens S. uniplumis D. cinerea S. mellifera 
Effects F df p-
value 
F df p-value F df p-value F df p-
value 
CO2  6.69 1 0.010 0.001 1 0.982 0.34 1 0.559 0.05 1 0.817 
H2O 0.14 1 0.713 18.23 1 <0.001 37.92 1 <0.001 26.46 1 <0.001 
Orig. 8.92 2 0.012 4.11 1 0.043 4.28 2 0.118 1.16 1 0.282 
Orig.x CO2 0.04 2 0.982 1.94 1 0.163 0.16 2 0.923 1.65 1 0.200 
Orig. x H2O   0.68 2 0.713 0.99 1 0.319 6.59 2 0.037 0.17 1 0.680 
CO2 x H2O 7.86 1 0.005 1.42 1 0.234 0.14 1 0.713 1.30 1 0.254 
Orig. x CO2 
x H2O 
































































Appendix. 3. The effects of drought on seedling root to total length allocation to roots for the different 
ecotypes of our focal-species. Different letters indicate significant differences (GLMs) and are unique 









































































 Appendix. 4. The effects of elevated CO2 on seedling root to total length allocation to roots for the 
different ecotypes of our focal-species. Different letters indicate significant differences (GLMs) and are 












































































Appendix. 5. Results of GLMs with a normal distribution with a Logit link function 
constructed to test for the effect a heterospecific neighbour on seedling biomass of two of the 
four focal species, under different treatments. Significant results (P <0.05) are indicated in 
bold.  
 A. pubescens S. mellifera 
Effects F df p-value F df p-value 
CO2  3.36 1 0.067 1.23 1 0.268 
H2O 0.03 1 0.857 1.65 1 0.199 
Orig. 1.17 2 0.557 3.61 2 0.165 
Orig. x CO2 2.41 2 0.301 1.72 2 0.422 
Orig. x H2O   0.16 2 0.924 0.97 2 0.616 
CO2 x H2O 1.19 1 0.275 0.20 1 0.659 
Orig. x CO2 x H2O 2.23 2 0.328 0.75 2 0.687 
 
 
Appendix. 6. Relative Interaction Index (RII) showing the effects of a neighbour (A. pubescens on S. 
mellifera and vice-versa) on shoot biomass of a grass (top) and shrub (bottom), under the different 
treatments. Positive values suggest facilitation and negative values competition. Asterisks indicate 
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